The high risk of developing cancer seen in human genetic diseases that resemble accelerated aging provides support for a tumorigenic contribution of the mechanisms and genes responsible for regulating life span and aging. We therefore speculated that the WRN gene (encoding RECQL2, a DNA helicase), the germline mutation of which causes the progeroid disorder Werner syndrome, may be associated with breast tumorigenesis. This hypothesis was tested in this case-control study of 935 primary breast cancer patients and 1,545 healthy controls by examining single-nucleotide polymorphisms (SNPs) in WRN. We were also interested in knowing whether any identified association between WRN and breast cancer was modified by reproductive risk factors reflecting susceptibility to estrogen exposure. Our hypothesis is that because estrogen is known to promote breast cancer development via its mitogenic effect leading to cell proliferation, and because WRN is an essential gene, as its suboptimal function leads to a severe decrease in proliferation, estrogen stimulation may have a protective effect on cells harboring variant WRN, allowing them to survive and proliferate for the prolonged period needed for tumor formation. Support for this hypothesis came from the following observations: (a) one SNP in WRN was significantly associated with breast cancer risk (P = 0.002); (b) haplotype and diplotype analyses, based on different combinations of multiple SNPs in WRN, revealed a strong association with breast cancer risk; (c) this association between risk and putative high-risk genotypes was stronger and more significant in women with a longer interval between menarche and first full-term pregnancy; and (d) the protective effect conferred by having a higher number of full-term pregnancy was only significant in women with homozygous or heterozygous wild-type WRN genotypes. This study provides support for the tumorigenic role of WRN in breast cancer development, suggesting that breast cancer can be driven by the aging associated with variant WRN, the tumorigenic contribution of which might be enhanced as a result of increased cell growth due to estrogen exposure. (Cancer Epidemiol Biomarkers Prev 2007;16(2):263 -9) 
Introduction
Breast cancer is a major health problem, and the exploration of its causes is an issue of public health importance (1) (2) (3) . Given that almost all cancers occur in the elderly, it is tempting to speculate that genes regulating the aging process might play a role in tumorigenesis (4, 5) . Mutations in the human WRN gene, which codes for a DNA helicase, give rise to a rare autosomal recessive genetic disorder, Werner syndrome (6) (7) (8) . Werner syndrome is a premature aging disease characterized by a predisposition to cancer and early onset of symptoms related to normal aging, including osteoporosis, ocular cataracts, graying and loss of hair, diabetes mellitus, arteriosclerosis, and atherosclerosis (7, 8) . The characterization and study of the WRN gene suggest that cells derived from patients with WRN mutation show increased genomic instability, manifested as chromosomal alterations, and that WRN protein participates in several important DNA metabolic pathways, including DNA replication, recombination, and telomere maintenance to maintain genomic stability, and that its primary function may be in DNA repair (9) (10) (11) . WRN is a caretaker of the genome, and WRN protein represents an important link between defective DNA repair and the processes related to aging and cancer. In the present study, we therefore selected WRN as a candidate gene of breast cancer and used the single-nucleotide polymorphisms (SNPs) of this gene to explore its tumorigenic contribution to breast cancer susceptibility. Furthermore, we were interested in knowing whether any association between the WRN gene and breast cancer was modified by reproductive risk factors reflecting the level of estrogen exposure or susceptibility to estrogen exposure. The rationale underlying this hypothesis is that because estrogen is known to promote breast cancer development via its mitogenic effect leading to cell proliferation (12) , and because WRN is an essential gene, as its suboptimal function leads to a severe decrease in proliferation (13) , estrogen stimulation may have a protective effect on cells (14) harboring variant WRN, allowing them to survive and proliferate for the prolonged period needed for tumor formation. The present study was done to examine this hypothesis.
Materials and Methods
Study Population. Our case-control study is part of an ongoing cooperative study aimed at understanding the causes of breast cancer in Taiwan, which is characterized by low incidence, early tumor onset, hormone dependency, and novel genomic alterations (15) (16) (17) (18) (19) (20) (21) . Because of the low incidence of breast cancer in the Taiwanese population, which suggests an overall lower effect of common risk factors, and because of its homogenous genetic background, this population is considered to have certain advantages for studying the effects of subtle genetic variations (17, 20) , such as SNPs. Furthermore, the use of a genetically homogenous population (22) reduces the chance of false positives due to population stratification. We studied 935 female breast cancer patients and 1,545 healthy female controls. All breast cancer patients had pathologically confirmed incident primary breast cancer. All were diagnosed and treated at the Tri-Service General Hospital or the Changhua Christian Hospital between March 2002 and August 2005. These patients accounted for almost all (>90%) women with breast cancer attending our breast cancer clinics during the study period, the remaining patients being excluded because of a lack of suitable blood specimens. No significant differences in breast cancer risk factors were found between the included and excluded women. In addition, because these are two of the major breast cancer clinics in northern and central Taiwan, our patients accounted for a significant proportion (f40%) of all breast cancer cases diagnosed during the study period in these regions. We randomly selected controls from women attending the health examination clinics of the same hospitals during the same period. These women underwent a 1-day comprehensive health examination (including regular breast screening using X-ray mammography and ultrasonic examination), and those showing any evidence of breast cancer, suspicious precancerous lesions of the breast, or other cancers were excluded from the control group. Almost all (>95%) potential controls who were initially identified actually participated in the study, and controls accounted for about 20% of all women attending the clinics, and no significant differences were found in terms of socioeconomic status between those included and those not included.
Considerations regarding methodologic issues in the present study (such as study design, sampling scheme, and potential bias) have been described in detail previously (17, 20, 21) , and the validity of our study approach has been addressed and confirmed in these studies.
Data Collection. Informed consent was obtained from all study participants before collection of epidemiologic data through personal interview. The 45-min in-person interview, completed by all study participants, was administered by trained interviewers following institutional guidelines for human subjects. Data on smoking habits, alcohol consumption, and hormone replacement therapy were collected from both cases and controls. Other information, including menstrual and reproductive factors [age at menarche, age at first fullterm pregnancy (FFTP), age at menopause, and number of FTPs], family breast cancer history, body mass index, and residence history, was also collected. Menopausal status was assessed at the time of diagnosis. Women with hysterectomy or bilateral oophorectomy were considered as postmenopausal, whereas the very few women with dubious menopausal status were considered as missing data. At the completion of the interview, blood was taken for DNA isolation and molecular analysis. All samples were examined blind by laboratory personnel.
Genotyping. The current data from HapMap, WRN in the Chinese population, shows three blocks 8 ; in addition, the Taiwanese population is genetically homogenous, and linkage disequilibrium between SNPs is much stronger than that in other populations (17, 20, 22) . Thus, we used five SNPs (Fig. 1 Arg, 108690T>C) in exon 34 ( Fig. 1 ). These SNPs were chosen because they are evenly distributed throughout the entire gene and have a minor allele frequency of >10% for genotyping. Taqman assays were ordered from Applied Biosystems, Inc. (Foster City, CA). The primers and probes were mixed with PCR reagents in the Taqman assay following the manufacturer's instructions. The plates were sealed and heated at 95jC for 5 min and were subjected to 45 to 50 cycles of 92jC for 15 s and 60jC for 1 min. PCR was carried out in a GeneAmp PCR System 7000 thermocycler (Applied Biosystems). The samples were read and analyzed in an ABI Prism 7000 sequence detection system using version 3.5 software. Each genotyping plate contained positive and negative controls. Tests were repeated on f10% of the samples to ensure quality control in genotyping, and genotype scoring was done separately by two reviewers to confirm the results. Statistical Analysis. We followed our previously established sequential steps (17, 21) , including a test for HardyWeinberg equilibrium (23) and measurement of the relative disequilibrium (D ¶) value to estimate the degree of linkage disequilibrium between individual SNPs (24) . Risks were estimated as the odds ratio (OR) and 95% confidence interval (95% CI) using logistic regression models to determine putative high-risk genotypes of WRN for breast cancer. Any differences in genotypic frequency of individual SNPs between cases and controls were tested using multiple logistic regression models (25) with simultaneous consideration of known risk factors [age, family history of breast cancer in firstand second-degree relatives, age at menarche, history of FTP (yes versus no), menopausal status (premenopausal versus postmenopausal), and the body mass index] for breast cancer, and adjusted Ps for the association were estimated.
Pairwise linkage disequilibrium between any two alleles of the five polymorphic sites was estimated as the D ¶ from the haplotype data using the equations: (a)
and the statistical significance was evaluated using Fisher's exact test. The distribution of haplotypes in the cases and controls was compared using the m 2 test. Haplotypes were inferred using the PHASE program available online, 9 which reconstructs haplotypes from population genotyping data (26) . The highest probability haplotypes estimated by PHASE were assigned to each study participant. If data were missing for any of the five polymorphic sites, the study participants were not included in the analysis. Each haplotype block can generate several possible haplotype pairs (diplotypes), and we also examined the diplotype effect. The diplotype data were treated as categorical variables and were incorporated as dummy variables in the logistic regression models.
To examine a possible interaction between WRN polymorphism and estrogen exposure, important pregnancy-related risk factors (the number of FTPs and estrogen exposure during the critical period between menarche and FFTP) were used as indices to estimate susceptibility to estrogen exposure. This is because the significant protection against the development of breast cancer, conferred by pregnancy, has been suggested to be due to the permanent differentiation of the vulnerable breast stem cells caused by pregnancy, thus reducing susceptibility to estrogen exposure (27, 28) .
Results
We studied 935 female patients with pathologically confirmed infiltrating ductal carcinoma of the breast and 1,545 healthy female controls. The cases and controls had a similar average age (cases, 47.1 years; controls, 46.8 years). The proportion of cases with a positive family history of breast cancer in their first-and second-degree relatives was higher than that in controls (14.2% versus 11.2%, P = 0.02). In terms of reproductive risk factors associated with estrogen exposure, 64.1% of the cases experienced menarche before the age of 14 years compared with 68.1% of the controls, whereas only 39.2% of the cases had undergone the menopause compared with 49.8% of the controls. Using multiple logistic regression analysis, a significantly increased risk was found to be conferred by a positive family history of breast cancer in firstand second-degree relatives (yes versus no: adjusted OR, Arg (Table 1) . Each linkage disequilibrium block can generate up to four haplotypes, and their frequency distributions among cases and controls are shown in Table 2 . For block 1, consisting of À17702T>C and 21826G>T, TG was the most common haplotype (54.9%) in our control group; the frequencies of the other three haplotypes in the controls are 38.8% (CT), 4.2% Leu, AT was the most common haplotype (64.1%) in our control group; the frequencies of the other three haplotypes in controls are 23.5% (CG), 11.2% (AG), and 1.2% (CT). In this block, the CT haplotype was significantly associated with breast cancer risk (adjusted OR, 1.90; 95% CI, 1.20-3.02, P = 0.007).
Each haplotype block can generate several possible haplotype pairs (diplotypes), and the distributions of the diplotype frequencies in cases and controls are shown in Table 3 . The diplotype of the most common haplotype (i.e., AT) of block 2 was selected as the reference in the diplotype analysis. The risk of breast cancer was estimated for each diplotype of WRN block 2 compared with that for the AT:AT diplotype, with adjustment for other covariates. For 46729A>C and Phe 1074 Leu, the frequencies of the haplotype pairs CG/CT and CT/CT in breast cancer patients were significantly higher than those in controls. Our results, showing a significant association between risk of breast cancer and a specific locus (homozygote CC of 46729A>C) and the C-T haplotype of 46729A>C and Phe 1074 Leu, suggest that WRN plays a significant role in the risk of breast cancer. To address the issue of multiple comparison, we used the Bonferroni correction. After these corrections, our results (Tables 1-3 ) remained the same, and all significant associations identified remained significant using the more stringent Ps.
Furthermore, we chose one SNP (46729A>C), which showed the most significant P in the multiple logistic regression analyses, to represent the allelic status of WRN to examine whether any association between WRN and breast cancer was modified by reproductive risk factors reflecting susceptibility to estrogen exposure. To exclude a false combination effect due to an unequal contribution of individual factors, we used a dummy variable coding scheme, with women who had no putative high-risk genotype and had been exposed to less estrogen (shorter menarche-FFTP interval) as the reference group. Multiple logistic regression analysis was used to estimate the multivariate adjusted ORs for each variable, and the risks associated with harboring a putative high-risk genotype, a risk factor, or both (joint effect) were estimated simultaneously. The results were consistent with the presence of an interaction (P interaction = 0.04), the highest risk being seen in women with both the reproductive risk factor (menarche-FFTP interval z16 years) and a putative high-risk genotype (Vt/Vt; adjusted OR, 3.89; 95% CI, 1.99-7.61). In addition, we estimated the risk associated with different haplotypes of WRN. The expected potential importance of a risk effect conferred by the at-risk haplotype of WRN was observed, but modification of this risk effect by the reproductive risk factor (longer menarche-FFTP interval) was supported by the findings shown in Table 4 . The results were also consistent with the presence of a significant interaction between a highrisk haplotype and the reproductive risk factor (P interaction = 0.02). Within the putative high-risk haplotype stratum, there was a significant increase in risk of developing breast cancer with an increase in the menarche-FFTP interval (z16 years; adjusted OR, 4.18; 95% CI, 1.53-9.44), whereas breast cancer risk associated with the high-risk haplotype was not significant in the stratum of women without the reproductive risk factor.
Finally, to confirm the joint effect between WRN genotypic polymorphism and reproductive risk factors and to investigate the potential importance of a protective effect of the number of FTPs in conjunction with WRN, we estimated the risk associated with the number of FTPs in women with variant genotypes. Consistent with the results shown in Table 4 , significant interactions between WRN genotypic polymorphism and this risk factor were seen in analyses stratified by menopausal status (P interaction < 0.05), and a significantly reduced risk was restricted to women harboring homozygous or heterozygous wild-type genotypes (P trend < 0.05; Table 5 ).
Discussion
To search for the mutator responsible for the genomic instability leading to breast tumorigenesis, in our previous studies (16) (17) (18) (19) (20) , we attempted to identify specific genes and Phe , 83316T>G). cAdjusted OR in a multiple logistic regression model adjusted for age, family history of breast cancer, age at menarche, history of FTP, menopausal status, and body mass index. molecular mechanisms implicated in maintaining genomic stability. The rationale underlying this approach is based on the fact that instead of being a single-gene disease, cancer arises from aberrations in a complex, interconnecting network of multiple regulatory genes involved in normal growth control and differentiation processes. Given the high frequency of chromosomal abnormalities and mutations found in human cancers, the hypothesis that cancer is caused by a mutator phenotype was proposed (29) and has been confirmed by studying germline mutation of defective DNA repair genes causally leading to the initiation of hereditary cancer syndromes (30) . The present study followed the same hypothesis and examined the breast tumorigenic contribution of WRN, a DNA helicase. Given the function of DNA helicases in many DNA metabolism pathways, including replication, DNA repair, recombination, transcription, and chromosome segregation (31) (32) (33) (34) , our hypothesis that WRN may serve as a mutator driving tumorigenesis is biologically reasonable. Genetic evidence that Werner syndrome cells show an increased frequency of genomic instability (31) , and that the mouse model of Werner syndrome displays both accumulation of DNA damage foci and increased chromosomal instability (31, 32) , provide support for the mutator role of WRN. Our finding that genotypic polymorphism of WRN was significantly associated with breast cancer risk is consistent with this hypothesis.
There is currently no evidence for genotype-phenotype associations for the SNPs of WRN examined in the present study, and how the risk is affected by these SNPs should therefore be interpreted with caution. It is possible that our epidemiologic findings may be explained by alternative mechanisms, such as (a) the polymorphisms may be in linkage disequilibrium with an exon change in the same gene that affects protein function; (b) intronic changes in gene sequences contain regulatory sequences, such as enhancers, which affect the level of expression through transcriptional regulation; (c) the SNPs in the gene may be linked to alterations in other adjacent unidentified genes, increasing breast cancer risk. To exclude the third possibility, we attempted to use more than one SNP in this gene to assign the haplotypes and to examine haplotype effects on cancer risk, and the information generated by haplotype analysis confirmed the contribution of WRN. Although for a large gene, such as WRN, using more SNP coverage is a good idea in general, it may be not as informative as expected in our population because that Taiwanese population is relatively genetically homogenous; the linkage disequilibrium among SNPs is much stronger than that seen in other populations. The strength of the present study is that it is based on the candidate gene approach, examining the tumorigenic contribution of WRN, the germline mutation of which is causally linked to the development of Werner syndrome, an autosomal recessive disease characterized by premature aging, elevated genomic instability, and increase cancer incidence (6, 8) . At the genetic level, our present finding that an increased risk of breast cancer was specifically associated with a homozygous variant allele of 46729A>C, an SNP located in the region encoding the COOH-terminal domain of WRN, but not with SNPs in the 5 ¶-region (i.e., block 1), is of particular interest. WRN helicase has several major structural domains and forms complexes with other proteins involved both in cellular responses to DNA damage and in DNA replication (31, 32 Leu in cases and controls were different, and that some haplotypes in this block of WRN were significantly associated with increased risk of breast cancer are consistent with this suggestion. Interestingly, another SNP (Arg 834 Cys), located close to this haplotype block, is known to significantly reduce WRN helicase activity (35) . However, the frequency of the minor allele of this SNP is very low (about 1%); thus, we did not examine its contribution. However, due to its location close to the COOH-terminal region, we cannot totally rule out the possibility that the significant risk associated with the haplotype block we defined was due to linkage disequilibrium between Arg 834 Cys and the SNPs in the COOH-terminal region.
If the WRN gene responsible for maintaining genome integrity were as important a cause of breast cancer formation as our results suggest, it is puzzling that, except for a recent study suggesting WRN may act as a low-penetrance risk factor in familial breast cancer development (36) , there is no genetic evidence linking breast cancer and mutated WRN. We previously proposed an explanation for this paradox and suggested that the probability of manifesting the tumorigenic phenotype might depend on a joint effect between these polymorphic alleles and endogenous or exogenous risk factors (17, 20, 21) . For breast cancer development, we suspect that prolonged estrogen exposure (indicated by early menarche and late menopause) or higher susceptibility to estrogen exposure (indicated by no history of FTP, fewer FTPs, or older age at FFTP) may be one factor. In addition, a long menarche-FFTP interval naturally creates a large estrogen window favorable for tumor induction by hormonal mechanisms (14) . Based on this hypothesis, our study evaluated the combined effect of genetic polymorphisms and reproductive risk factors and examined whether breast tumorigenesis due to the WRN gene was influenced by a reproductive factor. Our findings in Table 4 are consistent with the idea that the high-risk genotypes/haplotypes of WRN and an estrogen-related risk factor act jointly to increase breast cancer risk. In women exposed to a greater cumulative amount of estrogen (due to a longer menarche-FFTP interval), the breast epithelium might have experienced more mitogenic stimulation and subsequently would have a higher potential to develop breast cancer if the cells have a suboptimal capacity to maintain genomic stability because of a variant WRN. An interaction between WRN and a reproductive risk factor in determining breast cancer risk was also shown by the findings in Table 5 , in which the protective effect resulting from having a higher number of FTP was not the same in women harboring different genotypes of WRN, being more obvious in those having wild-type genotypes.
On the basis of a candidate gene approach and a relatively large sample size, the present study supports the idea of a breast tumorigenic contribution of WRN, a gene involved in critical mechanisms maintaining chromosomal stability. Recently, the SNP Cys
1367
Arg of WRN has been suggested to act as a low-penetrance risk factor in determining familial breast cancer risk in German familial breast cancer patients (36) . However, in the present study, we examined the risk associated with this SNP but did not confirm its contribution, which may reflect racial differences in SNPs in different populations. We were therefore more interested in the functional interaction between WRN and ATM that has recently been shown, with WRN being phosphorylated by an ATM-dependent pathway in response to DNA damage (37) . Because ATM is a well-documented breast cancer susceptibility gene (38) , this association between WRN and ATM provides additional support for the tumorigenic contribution of WRN to breast cancer development. The advantages of the present study include the high frequencies of the SNPs and the large sample size. The validity of our findings is supported by the consistent results obtained in genotype, haplotype, and diplotype analyses. Thus, despite minor limitations, such as a hospital-based study design and the requirement of using more tagging SNP coverage, the results of this study provide new support for the tumorigenic role of WRN in breast cancer development, suggesting that breast cancer might be driven by aging associated with variant WRN, the tumorigenic contribution of which could be enhanced as a result of increased cell growth due to estrogen exposure.
